Concerted political attention has focused on reducing deforestation 1-3 , and this remains the cornerstone of most biodiversity conservation strategies 4-6 . However, maintaining forest cover may not reduce anthropogenic forest disturbances, which are rarely considered in conservation programmes 6 . These disturbances occur both within forests, including selective logging and wildfires 7, 8 , and at the landscape level, through edge, area and isolation effects 9 . Until now, the combined effect of anthropogenic disturbance on the conservation value of remnant primary forests has remained unknown, making it impossible to assess the relative importance of forest disturbance and forest loss. Here we address these knowledge gaps using a large data set of plants, birds and dung beetles (1,538, 460 and 156 species, respectively) sampled in 36 catchments in the Brazilian state of Pará. Catchments retaining more than 69-80% forest cover lost more conservation value from disturbance than from forest loss. For example, a 20% loss of primary forest, the maximum level of deforestation allowed on Amazonian properties under Brazil's Forest Code 5 , resulted in a 39-54% loss of conservation value: 96-171% more than expected without considering disturbance effects. We extrapolated the disturbancemediated loss of conservation value throughout Pará, which covers 25% of the Brazilian Amazon. Although disturbed forests retained considerable conservation value compared with deforested areas, the toll of disturbance outside Pará's strictly protected areas is equivalent to the loss of 92,000-139,000 km 2 of primary forest. Even this lowest estimate is greater than the area deforested across the entire Brazilian Amazon between 2006 and 2015 (ref. 10). Species distribution models showed that both landscape and within-forest disturbances contributed to biodiversity loss, with the greatest negative effects on species of high conservation and functional value. These results demonstrate an urgent need for policy interventions that go beyond the maintenance of forest cover to safeguard the hyper-diversity of tropical forest ecosystems.
, the conservation value of the world's remaining primary forests may be undermined by the additional impacts of disturbance, which falls into two broad categories (see Methods). First, landscape disturbance results from deforestation itself, with area, isolation and edge effects degrading the condition of the remaining forests 9 . Second, within-forest disturbance, such as wildfires and selective logging, induces marked changes in forest structure and species composition 8, 13 . Although the biodiversity consequences of both forms of disturbance are well studied, previous research has overwhelmingly focused on identifying the isolated effects of specific types of disturbance 14, 15 . Such studies provide an incomplete understanding of the total disturbance-mediated loss of conservation value arising from multiple interacting drivers 16 and are unable to quantify the extent to which reducing forest loss will succeed in protecting tropical forest biodiversity. Addressing these knowledge gaps is vital for informing forest management strategies in tropical nations, not least because within-forest disturbance can increase even as deforestation rates fall 7, 12, 17 and thus requires different policy interventions (Extended Data Table 1) .
We estimated the combined effects of landscape and within-forest disturbance on biodiversity in primary forests and compared these impacts to the biodiversity loss expected in deforested areas, offering, to our knowledge, the first such analysis for anywhere in the world. Our study focused on two large (> 10,000 km 2 ) frontier regions of the Brazilian Amazon: Paragominas and Santarém, located in the state of Pará (see Methods). Large-and small-stemmed plants, birds and dung beetles were sampled in 371 plots in 36 study catchments distributed along a landscape deforestation gradient (0-94%) (Extended Data Fig. 1 ). A total of 31 catchments contained remnant primary forests. Within these catchments, we sampled 175 primary forest plots. Of these, 145 had visible evidence of within-forest disturbance (logging and/or fire). The remaining 30 had no evidence of within-forest disturbance and, being located in the largest remaining forest blocks, had minimal landscape disturbance 18, 19 (see Methods). Irrespective of their disturbance history, these primary forest plots held considerably more forest species than all other major land-uses (Extended Data Fig. 2) .
We used the sum of forest species presences in primary forest plots to estimate the conservation value of a catchment (see Methods). As plots were allocated in proportion to catchment forest cover, this measure is equivalent to the mean species richness (per unit area) in primary forests multiplied by the proportion of primary forest cover. In the absence of landscape or within-forest disturbances, the expectation of conservation value should respond linearly to forest cover, with slope equal to mean species density (see Methods). The difference between this linear expectation and the observed conservation value of the remaining primary forest provides an estimate of the total biodiversity impact of all landscape and within-forest disturbance. We refer to this difference as the conservation value deficit (CVD). We take a variety of approaches to calculating the CVD, reflecting different ways of classifying forest species, weighting their conservation value and calculating species density in undisturbed forest (see Methods). Here, we report median results from our sensitivity analysis along with the lower and upper bound range. Full results are shown in Fig. 1 and Extended Data Figs 3 and 4.
The conservation value of the remaining primary forests was lower than expected along the entire deforestation gradient. The CVD was unimodal with forest cover, reaching its maximum in catchments with 83% of their primary forests. These catchments retained just 58% of their conservation value (range: 48 to 65%) (Fig. 1a) . The CVD was relatively small at low levels of forest cover (Fig. 1b) . However, disturbance caused the greatest proportionate loss of conservation value in these catchments, accounting for an approximately 20-50% shortfall in the level of biodiversity that would be predicted for undisturbed forests (Fig. 1c) . The robustness of our estimates of the CVD was supported by the similarity of responses across study regions ( Fig. 1 ) and sampled taxa (Extended Data Fig. 3) .
The relationship we derived between forest cover and conservation value allowed us, for the first time, to estimate the additional total effect of forest disturbance over large spatial scales. We therefore mapped the disturbance-induced loss of conservation value (CVD) across Pará, which covers 1.26 × 10 6 km 2 . We divided the state into grid cells approximately equal in area to our study catchments (~ 50 km 2 ). In total, 73% of the ~ 26,000 cells covering the state were located in private lands or sustainable-use reserves. For these locations, which are most Letter reSeArCH comparable to our study catchments, the total CVD was equivalent to ~ 123,000 km 2 of forest loss (range: 92,000 to 139,000 km 2 ). To put this figure in context, it is 51% (range: 38 to 57%) of the total area deforested across Pará to date (Extended Data Table 2 ).
Our state-wide analysis revealed considerable spatial variation in the CVD, reflecting differences in deforestation histories (Fig. 2a) . We illustrate this variation by estimating the additional loss of conservation value due to disturbance across Pará's five major biogeographic zones (areas of endemism 20 , AoE). Median disturbance impacts outweighed biodiversity losses in deforested areas alone in three of the five AoEs (Fig. 2b) . The high relative impact of disturbance is shown in the Guiana AoE, where the predicted loss of conservation value from disturbance was 135-178% of the losses estimated in deforested areas. The relative impact of disturbance was lowest in the Belém AoE, which has lost 62% of its native forest cover and is the most deforested AoE in Amazonia. Nonetheless, overall disturbance effects reduced Belém's estimated conservation value from 38% when based on forest cover alone to just 26% (range: 24 to 30%).
The widespread and substantial depletion of conservation value in remaining primary forests highlights the pressing need for policies that target the most prominent drivers of disturbance-induced biodiversity loss. Although measures to combat deforestation may help limit landscape disturbance, they rarely consider the spatial configuration of 
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remaining forests or work to actively reduce within-forest disturbance 6, 21 (Extended Data Table 1 ).
Here we provide insights into the need for additional policies to reduce forest disturbance by examining the relative importance of landscape and within-forest disturbance on species distributions using Random Forests (see Methods). In ranking the importance of remotely sensed disturbance measures, we found that both forms of disturbance had significant additional effects on species' distributions, albeit with some region-and taxon-specific variation (Extended Data Figs 5-7 and Methods). We then used the measures of landscape and within-forest disturbance that were most frequently ranked highest to examine changes in taxon community structure, using Latent Trajectory Analysis to group species by their responses to disturbance (see Methods). Results showed a consistent and high level of community turnover from both forms of disturbance, with some species groups responding negatively and others positively (Figs 3 and 4 and Extended Data Fig. 8 ). These responses may explain the unimodal shape of the disturbance effect (Fig. 1b) because they are consistent with the loss of highly sensitive species at relatively low levels of forest disturbance and the dominance of more resistant taxa in the most disturbed forests. Finally, we linked species' response groups with lifehistory data available for birds and large-stemmed plants (see Methods). Both types of disturbance contributed to marked declines in species of high conservation and functional importance (birds with smaller range sizes 22, 23 and plants with higher wood density [24] [25] [26] , respectively) (Figs 3 and 4). These analyses almost certainly underestimate the adverse effects of disturbance because rare species, which are often most sensitive to human impacts in forest ecosystems 27 , cannot be adequately modelled.
We provide compelling evidence that Amazonian conservation initiatives must address forest disturbance as well as deforestation. At its most stringent, Brazil's centrepiece environmental legislation, the Forest Code, mandates Amazonian landowners to maintain 80% of their primary forest cover. Our results show that even where this level of compliance is achieved, the primary forests of these landscapes may only retain 46-61% of their potential conservation value and are likely to have lost many species of high conservation and functional importance. These findings reinforce the need to reduce the effects of landscape fragmentation by zoning development activities, thereby ensuring the protection of large blocks of remaining forest in all biogeographic zones. Where deforestation has already occurred, further conservation losses can be minimised by preventing within-forest disturbance, aiding the recovery of already degraded forests, and investing in forest restoration to improve connectivity and buffer remnant forests from edge effects. Engendering change will require a mixture of incentive and regulatory-based measures to improve the sustainability of both forestry and farming practices. Crucially, because reducing forest disturbance requires coordinated efforts by many actors, interventions need to move beyond individual properties and address entire landscapes and regions. Such actions are urgently needed in the Amazon where logging operations are rapidly expanding across federal and state forests 28 , wildfires are increasingly prevalent during more frequent and severe dry seasons 29 , and the expansion of industrial agriculture, energy and mining threaten even strictly protected areas and indigenous lands 30 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 

MethOds
No statistical methods were used to predetermine sample size. The experiments were not randomized, and investigators were not blinded to allocation during experiments and outcome assessment. Study regions. Pará is the second largest state in Brazil and a focal point for deforestation, accounting for 34% of all forest loss in the Brazilian Amazon between 1988 and 2015 (ref. 10). It holds exceptionally high biodiversity, with ~ 10% of the world's bird species and five of the eight major AoEs in Amazonia 20 . Within Pará, we focused on two geographically and biologically distinct regions: the municipalities of Paragominas and Santarém-Belterra-Mojuí dos Campos (abbreviated to Santarém) (Extended Data Fig. 1 ). These regions lie in different AoEs (Belém and Tapajós, respectively) and shared just 49% of our sampled taxa. Although they differ in their human colonization history 18 , both retain > 50% of their native forest cover. Study design and biodiversity sampling. We divided each region into third-or fourth-order drainage catchments. In each region, 18 study catchments (32- Data Fig. 1 ). Forest plots (n = 234) were distributed without previous knowledge of anthropogenic disturbance 18 and included primary forests (that is, under permanent forest cover; n = 175) and secondary forests recovering after agricultural abandonment (n = 59). Non-forest plots (n = 133) were predominantly located in pastures (n = 76) and mechanised agricultural lands (n = 31).
In total, 31 of the 36 catchments contained primary forest plots. In Paragominas and Santarém respectively, these included undisturbed (13 and 17), logged (44 and 26), burned (0 and 7) and logged and burned primary forests (44 and 24) 19 . Disturbance categories were based on field assessments of fire scars, charcoal and logging debris, and an analysis of canopy disturbance, deforestation and regrowth in time series satellite images (1988 to 2010) 18, 19 . Plots in the undisturbed forest had no evidence of within-forest disturbance and, because they were located more than 2 km from edges in the largest forest blocks, had minimal landscape disturbance. Observations of hunting-sensitive large game birds, such as razor-billed curassow Pauxi tuberosa and trumpeters Psophia spp. 31, 32 , indicated low hunting pressure 33 in undisturbed plots.
Biodiversity surveys occurred during 2010 and 2011. The following descriptions apply to sampling at the plot level. Large and small stems: live trees and palms with ≥ 10 cm diameter at breast height were identified in 10 × 250 m plots. Smaller individuals (2-10 cm diameter) were sampled in five 5 × 20 m subplots (Extended Data Fig. 1 ). Liana diameters were measured at 1.3 m from the main root. Large-and small-stemmed plants were analysed separately because they may differ in their disturbance responses. Individuals were identified to species level by local parabotanists 19 . In total across all catchments, 175 plots and 825 subplots were sampled in primary forests. Birds: there were two repeat surveys of 15-min point counts at three sampling points (0, 150 and 300 m) (Extended Data Fig. 1 ). Sampling was undertaken between 15 min before dawn and 09:30. Lists of voucher sound-recordings and images are available for both regions 31, 32 . In total across all catchments, 1,050 point counts were undertaken in primary forests. Dung beetles: sampled using pitfall traps (14 cm radius, 9 cm height) baited with 50 g of dung (80% pig and 20% human) and half filled with a killing solution (5% detergent and 2% salt). Traps were left for 48 h before inspection. Three traps were placed at the corners of a 3 m equilateral triangle, repeated at three sampling points (0, 150 and 300 m). In total across all catchments, 1,575 pitfall traps were set in primary forests (Extended Data Fig. 1 ). Defining the biodiversity consequences of forest loss, landscape and withinforest disturbance. We limit the biodiversity consequences of forest loss to those that occur in deforested areas themselves, excluding any additional effects on remaining forests. Landscape disturbance then captures the combined edge, area and isolation effects that accompany the deforestation process. Within-forest disturbance refers to anthropogenic disturbance events that are not inevitable consequences of forest loss or land cover change, including wildfires, hunting and selective logging. Although often associated with landscape factors, such as distance from forest edge, within-forest disturbance can occur independently of changes in forest cover or landscape configuration. Estimating the conservation value deficit. We used the sum of forest species presences in primary forest plots to measure the conservation value of a catchment. In practice, this means that if a forest species occurs on x plots within a catchment, the species contributes x to the catchment's conservation value. Total catchment conservation value is found by summing presences over all forest species. This measure is equivalent to mean species richness (per unit area) in primary forests multiplied by primary forest cover. In the absence of disturbance, conservation value should therefore respond linearly to forest cover, with slope equal to mean species density, d e . We term the difference between this linear expectation and a catchment's observed conservation value as its conservation value deficit (CVD). We took a variety of approaches to calculating the CVD, reflecting different methods of defining forest species, weighting their importance, and calculating d e . Defining forest species. We restricted our analysis to 'forest species' to avoid attributing value to invasive and open-area species. We used three species classification filters: (i) an automatic filter defined forest species as those that occurred at least once in a primary forest plot, irrespective of the plot's disturbance history (n = 1,621 species); (ii) a high basal area (HBA) filter defined forest species to be those that occurred at least once in plots with a high average basal area (that is, greater than or equal to the lowest basal area recorded in undisturbed forests in each region) (n = 1,290); and (iii) a convex hull filter where we first applied a two-dimensional non-metric multidimensional scaling (MDS) to primary and secondary forest plots based on a stem-size classification (stress = 0.14), and then defined forest species to be those that occurred at least once in plots within the minimum convex hull of undisturbed primary forest plots on the MDS (n = 1,140). Species conservation or functional importance. We used three approaches to weight species' importance. First, we assumed that all forest species had a value equal to 1. Second, we applied a linear weighting to birds according to their range size and plants according to their wood density. The bird species with the smallest range size was given a value of 1, and that with the largest range size was given a value of 0 (vice versa for plants and wood density), with all other species' values mapped linearly between these two points. Third, we squared the linear weighting to give an even higher relative value to species of highest conservation or functional importance.
There are many important life-history traits that correlate with species' conservation or functional importance. Our choices were based on a priori knowledge and the availability of data for diverse tropical taxa. For birds, we chose range size because it is the single most important predictor of threat status 23 , especially among lowland passerines (which make up the majority of our sample) where it is inversely correlated with other important factors such as population density 22 . For plants, we chose wood density because it is the most important size-independent determinant of carbon storage within individual stems, a strong predictor of carbon stocks across the biome 24, 26 , and is also linked with other functional properties 24 including drought resistance 25 . Bird range sizes were extracted from the Birdlife Datazone (http://www.birdlife.org/datazone/index.html). Wood densities were adapted from the global wood density database 34 , using the genus or family average where species or genus data were unavailable. Lianas were given a nominal value of 0.01.
As part of the broader sensitivity analysis we also undertook the same analysis described above for birds replacing species range size for species mean body size (body size data was also extracted from Birdlife Datazone). This analysis was undertaken to determine whether the population density of birds, which is strongly and inversely correlated with body size, significantly affected results. It did not: the median estimate of the disturbance impact decreased by just 0.5%, and we do not report the full results here. Alternative undisturbed baselines. Estimating d e (mean species density in undisturbed landscapes) requires species distribution data from catchments with no within-forest or landscape disturbance. As we do not have a set of such catchments in either region, we took three approaches to calculating d e . The first two approaches rely on the least disturbed catchment in each region. In both Paragominas and Santarém, this reference catchment had minimal landscape disturbance (> 99% primary forest). However, ground-based observations indicated that either selective logging or wildfire had affected at least 25% of the sampling plots within the reference catchments in both regions. We therefore calculated d e as the mean species density over all plots in the reference catchment and, to correct for within-forest disturbance, as the mean density over only undisturbed reference catchment plots. Finally, to account for potential biases in underlying (natural) species distributions, we also calculated d e using all undisturbed plots throughout each region (n = 30). This represents a more conservative estimate because it includes plots in catchments with less than 100% forest cover. Selecting representative estimates of CVD. Combining the three forest species selection methods, the three species' weighting approaches, and the three estimates of d e returns 27 estimates of the CVD. For all approaches, we determined the average CVD with respect to primary forest cover by modelling the catchments' summed presences with Poisson polynomial generalized linear models. We selected the best fitting model over all polynomials of degree up to cubics.
To express uncertainty over our estimates of the CVD, in the main text we present the median relationship between conservation value and forest cover along with the lower and upper bound range. We excluded from this range the estimate of d e that included disturbed reference catchment plots because it is not reflective of species density in the absence of disturbance. For the purposes of comparison, we Letter reSeArCH have included these results in Extended Data Fig. 4 . The median, lower and upper bound estimates of the CVD were given by, respectively: the convex hull filter, linear species weighting, and undisturbed reference catchment plots; the convex hull filter, no species weighting, and all undisturbed plots; and the high basal area filter, exponential species weighting, and undisturbed reference catchment plots. Adjusting for proportionality. Although the number of plots in catchments was proportional to forest cover, proportionality was not exact because the original distribution was based on the extent of both primary and secondary forests 18 . We therefore corrected sampling effort by calculating the factor required to make sampling proportional to primary forest cover in each catchment and scaled our estimates of conservation value accordingly. For each catchment i, this factor is given by p i /t i , where p i is the proportion of catchment i that is primary forest and t i is the number of primary forest transects in catchment i. Extrapolating the CVD. To estimate disturbance impacts throughout Pará, we divided the state into grid cells approximately equal in size to our study catchments. We then used Brazil's 2010 Terraclass product 35 to determine the area of each cell that was deforested, first removing non-forested areas that were covered by water or tropical savannah. We then calculated each cell's conservation value by applying the median, lower and upper bound estimates of the CVD. The disturbance impact in forest loss equivalent terms for cell i is given by p i − (a i − n i )v i , where p i , a i , n i and v i are, respectively, the cell's primary forest extent, area, non-forest area and conservation value. Linking landscape and within-forest disturbance with species distributions and traits. We investigated the importance of landscape and within-forest disturbance at the plot level rather than the catchment level because many disturbance drivers act at local scales 8, 13 . Variables representing landscape and within-forest disturbance were based on the analysis of georeferenced 30 m resolution Landsat TM (Thematic Mapper) and eTM images from 1988 to 2010 in Paragominas and 1990-2010 in Santarém. These were complemented by covariates that represent natural variation in soil conditions, elevation and slope. A full description of the data are available elsewhere 18 . Variable abbreviations match those in Extended Data Figs 5-7. Within-forest disturbance. We measured the cumulative extent of canopy disturbance 36 by calculating the percentage of the remaining primary forest in a 1 km buffer around each plot that had never been classified as disturbed (undisturbed primary forest, UPF). We also included two measures of the frequency of disturbance within plots: the number of times the plot was logged (NL) and the number of times the plot was burnt (NB) in visual inspections of satellite images or field observations. Landscape disturbance. We used two landscape configuration measures: the density of forest-agriculture edges (ED) and the percentage of primary and secondary (> 10 years old) forest cover (FC) in 1 km buffers around plots. We used two measures of landscape history 37 : the deforestation curvature profile (DC) and the landuse intensity profile (LI) in 500 m buffers around plots. Natural environmental covariates. We used soil samples and digital elevation models to derive covariates reflecting natural conditions. Soil variables were based on average values from five 30 cm deep soil profiles in each plot, and include acidity (pH), clay content (Cl), and carbon stock (Ca). We applied a 100 m buffer around each plot in a digital elevation model to calculate mean plot elevation (El) and slope (Sl). Linking landscape and within-forest disturbance with species distributions and traits. We used Random Forests (RF), a decision-tree classification methodology, to identify species that are well-modelled by our data and to rank the importance of individual variables in accounting for species distributions. RF was adapted for spatial autocorrelation within catchments using a modified 'residual autocorrelation' approach 38 . The fit of the RF models and their predictive performance was measured using area under receiver-operator curves (AUC) 39 . AUC evaluates the ability of models to correctly predict higher probability of occurrence where species are present than where they are absent. An AUC value of 1 indicates perfect discrimination; a value of 0.5 suggests predictions no better than random. We performed multiple cross-validations to evaluate model predictive performance. For each species, data from each study catchment were used in turn as test data for models built with data from the other catchments. The cross-validated AUC value, AUCcv, was calculated as the average AUC value over all cross-validation tests for each species. Species present on a minimum of three transects and with a summed AUCcv ≥ 0.6 over all variables were classified as well-modelled and included in the analyses (31% of species). The importance of a variable was measured as its mean AUCcv over all well-modelled species.
Models included the within-forest disturbance, landscape disturbance and natural environment covariates described above. Given multicollinearity, we selected two variables from each group using three variable-selection methods: (i) we selected variables that we hypothesized to have the greatest influence on species' presences (hypothesis-driven selection); (ii) we used principal component analysis (PCA) on the full set of variables in each group and selected the highest loaded variable on the first two principal axes (PCA selection); and (iii) we ran RF on the full set of variables and selected the two highest ranked in each group (step-wise selection). Results for each method are shown in Extended Data Figs 5-7.
Next, we used RF to determine species' partial responses along disturbance gradients ( Figs 3 and 4 and Extended Data Fig. 8 ). These partial responses give the relative odds (exp(logit(p) − mean(logit(p)), where p is the probability of species' presence and logit is ln(p/ (1 − p) )) of detecting each species along a single variable gradient, holding all other variables constant. For this analysis we selected the landscape and within-forest disturbance variables that were most frequently ranked highest in their group across the three variable selection methods.
We then used latent trajectory analysis (LTA), which groups species' partial responses into homogenous classes, to characterize the main types of response to the selected variables. We built models with up to eight classes and selected that with the lowest Bayesian information criterion (BIC) score. LTAs were carried out in R package 'lcmm' http://cran.r-project.org/web/packages/lcmm/lcmm.pdf. In Figs 3 and 4, we show the LOWESS smoothed response of each species class along the associated disturbance gradient, with bandwidth set to 0.75.
Finally, we investigated the relationship between the disturbance sensitivity of species classes, as determined by LTA, and species traits. To undertake this analysis, we defined a metric that represents the propensity of species classes to be detected along the variable gradients, which thus provides a measure of the sensitivity of the class to disturbance. The measure is:
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